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Abstract.  After a century of fire suppression, dense forests in California have fueled high-severity fires. We
surveyed mixed conifer forest with 995-1178 trees ha™! (stems > 10 cm diameter at breast height), and nearby pine—
oak woodland having 175-230 trees ha™!, 51 days after a severe burn, to contrast the spatial extent and properties of
thermally altered soil at sites with different tree densities. Water-repellent soils were more extensive in forest than
woodland. Deposits of white ash, composed largely of calicite, covered at most ~25% of the land surface, in places
where large fuel items (e.g. logs, branches, exfoliated oak bark) had thoroughly combusted. At least 1690 kg ha™!
of CaCOj3 in ash was deposited over the forest, and at least 700 kg ha~! was added to the woodland. Combustion of
logs and large branches also reddened the underlying yellow-brown soil as deep as 60 mm (average 8 mm), and over
~1-12% of the land surface. The reddened soils have magnetic susceptibilities that are three to seven times greater
than surrounding unreddened soils within the burn, indicating thermal production of maghemite. Such fire-altered
conditions persist over spatial and temporal scales that influence soil genesis in Mediterranean-type climate regions.

Additional keywords: hydrophobic soil; maghemite; mixed conifer forest; reddened soil; soil magnetic susceptibil-
ity; soil pH; soil rubification; water-repellent soil; wood ash.
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Introduction

Prior to fire suppression management, recurrent fires in the
mixed conifer forests of southern California burned fallen
leaf litter and woody stems while fatally scorching low-
crown stature trees (Minnich 1988). This maintained low
tree densities (<140 trees ha™!, stems > 10 cm diameter at
breast height (dbh)) with discontinuous canopy cover com-
posed dominantly of large-diameter shade-intolerant pines
(Minnich et al. 1995). Over the past century, forest fires
have been extinguished as soon as possible to mitigate water-
shed sediment yield into reservoirs and to protect urban areas
that interface with these wildlands (Kinney 1887). Because
the thinning effect of recurrent fires has been largely elim-
inated by this fire suppression, present forests are dense
(>250 treesha™!) with closure of canopy from below by
shade-tolerant conifers (Minnich et al. 1995; Stephenson and
Calcarone 1999). Deferred burning over extensive areas of
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forest has also resulted in accumulation of forest detritus
(e.g. Albright 1998), because the prolonged warm-season
drought characteristic of the Mediterranean-type climate in
this region inhibits biological decomposition of fallen leaf
litter and woody stems (Stohlgren 1988; Hart et al. 1992).
The available historical data indicate that burn intensi-
ties were heterogeneous over this forest landscape, moderated
by low tree densities and discontinuous fuel loads within a
mosaic of patches having burned at different times during
a variety of fire weather conditions (Minnich 1987, 1988).
Until recently, very little of the forest area had burned during
the past century because prevailing fire weather conditions
favor rapid extinguishment of ignitions. An indication of this
is the contrast between average fire-return intervals (i.e. aver-
age time between fires for an area) before fire suppression that
spanned decades of time, and intervals calculated from the
present rate of burning, which have lengthened to centuries
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(Minnich 1999). Currently, the greatest forest area is burned
by a few large fires that coincide with brief periods of weather
that make fire suppression most difficult (e.g. during warm,
dry Foehn-type Santa Ana winds), as with adjoining chaparral
(Minnich and Chou 1997). For example, forest and woodland
were burned throughout the Cuyamaca Mountains in south-
ern California during a Santa Ana wind event in October
2003. Few individual conifer trees survived the crownfire,
and surface soil properties were conspicuously altered. The
land surface was covered with thick deposits of white and
dark ash, as well as patches of reddened mineral soil that
contrasted with the yellow-brown hue of surrounding soils
within the burned area.

The alteration of soil properties by fire has been inves-
tigated in recently burned forests and in laboratory experi-
ments. White ash from thoroughly combusted pinewood has
been studied to determine its composition (Etiegni and Camp-
bell 1991) and relation to changes in soil pH and carbonate
content (Ulery et al. 1993), as well as its role in clay dispersion
(Durgin and Vogelsang 1984). Wildfires influence soil carbon
and nitrogen dynamics as well as microbial communities (see
inthisissue: D’Ascolietal. 2005; De Marco et al. 2005; Guer-
rero et al. 2005). Direct heating effects on mineral soil proper-
ties include changes in morphology (e.g. Sertsu and Sanchez
1978; Ulery and Graham 1993; Ketterings and Bigham 2000;
Arocena and Opio 2003) and water repellency (e.g. DeBano
1981,2000; Giovannini and Lucchesi 1983; Doerr et al. 1998,
2000), as well as alteration of clay and iron oxide miner-
als (e.g. Schwertmann and Taylor 1989; Ulery et al. 1996;
Ketterings et al. 2000) with resultant changes in soil color
(e.g. Ulery and Graham 1993; Ketterings and Bigham 2000)
and magnetic properties (e.g. Ketterings et al. 2000). How-
ever, spatial assessment of ash and thermally altered soil
properties has been lacking. Our study objectives were to:
(1) contrast the spatial extent and properties of ash and ther-
mally altered soil among a dense mixed conifer forest and
a contiguous pine—oak woodland with lower tree density;
(2) evaluate how thermally altered soil properties vary in
relation to two differing parent material lithologies; and
(3) to interpret the pedogenic implications of these fire-
altered surface conditions in a Mediterranean-type climate.

Materials and methods
Study area

Severely burned forest was located in the Cuyamaca Moun-
tains, ~60km east of San Diego, California (Fig. 1). We
examined soils at two areas with differing lithology and tree
density, referred to as Middle Peak and Stonewall Peak. Fire
history maps indicate that no previous burning had occurred
in these areas since government record keeping began in
year 1911, although pre-historical burns were evident from
fire-scars observed on large trees. At the time of study,
both areas exhibited complete canopy-scorched defoliation
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Fig. 1. Location of Middle Peak (MPK1, MPK2) and Stonewall

Peak (SPK1, SPK2) study sites in the Cuyamaca Mountains, southern
California.

of trees due to crownfire, while the land surface lacked resid-
ual unburned leaf litter and woody debris smaller than 2.5 cm
in diameter. Aerial photograph analysis and ground surveys
indicated that crownfire was prevalent over nearly the entire
surrounding forest and woodland (ca. 10 000 ha). The Cuya-
maca Mountains are uplifted Cretaceous intrusive-igneous
batholith rock within the broader Peninsular Range. Soils are
locally derived from gabbro colluvium at Middle Peak, and
granodiorite colluvium at Stonewall Peak. Soils have been
classified as fine-loamy, mixed, mesic Ultic Haploxeralfs at
Middle Peak and coarse-loamy, mixed, mesic Ultic Haplox-
eralfs at Stonewall Peak (Soil Survey Staff 1999). The A
horizons of soils at both locations have sandy-loam to loam
textures. A nearby weather station at the Lake Cuyamaca Dam
(Fig. 1) indicates a montane Mediterranean-type climate with
cold, wet winters and warm, dry summers. Annual precipita-
tion totals averaged 932 4 351 mm (standard deviation) over
the period 1887-2001, and 87% of the annual total accumu-
lated during November—April winter storms. Approximately
15% of annual precipitation at the elevation of our study area
was snowfall (Minnich 1986). The annual average tempera-
ture is 11.6°C, with monthly average temperatures between
4°C (January) and 21°C (July). Vegetation distributions in
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Table 1.
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Description of study sites at Middle Peak and Stonewall Peak

AC, Abies concolor; CD, Calocedrus decurrens; dbh, diameter at breast height (1.3 m height from surface on uphill side);
PJ, Pinus jeffreyi; PL, Pinus lambertiana; QC, Quercus chrysolepis; QK, Quercus kelloggii

Site® Location Elevation Aspect Slope Tree density (ha—!)®  Basal area (m?ha~!) Species composition (%)
(m) (%0) All stems >10cm dbh All stems >10cm dbh
MPK1 32°58.9'N, 116°35.9W 1670 N 11 1600 995 80.00 77.54 CD, 34; AC, 25; QC, 23; PL, 17; QK, 1
MPK2 32°58.8'N, 116°35.4'W 1585 E 23 1680 1178 56.17 53.83 CD, 73; QC, 25; QK, 2
SPK1 32°58.1'N, 116°34.5W 1445 N 24 207 175 23.27 23.14 PJ, 50; QK, 35; QC, 15
SPK2 32°58.2'N, 116°34.4'W 1450 N 19 270 230 36.02 35.92 PJ, 57; QK, 43

AMPK1 and MPK2 soil is derived from gabbro colluvium, and classified as fine-loamy, mixed, mesic Ultic Haploxeralfs; SPK1 and SPK2 soil is derived
from granodiorite colluvium, and classified as coarse-loamy, mixed, mesic Ultic Haploxeralfs.

BQak trees (Quercus spp.) often had multiple stems with canopy stature that branched below a height of 1.3 m (dbh) from a common root crown base. Each
of these stems was counted separately and measured. Trees with branching at dbh, or above dbh, were counted as a single stem and measured.

this region correlate with the patterning of annual pre-
cipitation and evapotranspiration along gradients of eleva-
tion, slope aspect and topographic position (e.g. Stephenson
1998; Minnich and Everett 2001). Forests and woodlands
are most prevalent on relatively mesic polar-facing slope
aspects in the study area. A mixed conifer forest consist-
ing of white fir (4bies concolor), incense cedar (Caloce-
drus decurrens), sugar pine (Pinus lambertiana), ponderosa
pine (P ponderosa), canyon live oak (Quercus chrysolepis)
and California black oak (Q. kelloggii) occurred at Mid-
dle Peak, with 995-1178 trees ha~! (stems > 10 cm dbh;
Table 1). A pine—oak woodland with Jeffrey pine
(P jeffreyi), canyon live oak and California black oak
occurred at Stonewall Peak, with 175-230 trees ha~!. Field-
work was conducted 51 days after the fire, a period that
registered 66 mm of precipitation at Lake Cuyamaca Dam.

Field measurements

We used line-intercept transects to survey the spatial distribu-
tion and properties of ash and thermally altered soils within
the burn. Two transect origins were established in pine—oak
woodland at Stonewall Peak (SPK 1, SPK2) and mixed conifer
forest at Middle Peak (MPK1, MPK2), located within 0.5 km
ofroads to minimize the hauling distance of sample materials.
Our selection of these four locations was purposive because
we avoided sampling where the land surface had been dis-
turbed after fire, or in places where it was mostly exposed
rock. Three transects were surveyed from each origin. We
selected a random azimuth heading for the first transect using
a calculator number generator, and the remaining two tran-
sects were separated by 120°. Transects were 44 m long at
MPK1 and SPK1, and 24 m long at MPK2 and SPK2.
Observations and soil collections started at 4 m from the
origin to avoid surface disturbance caused by our establish-
ment of each transect. We tested for carbonate abundance
in ash deposited over the land surface by observing the pro-
duction of effervescent foam in reaction to droplets of 1 M
HCI solution applied at 1-m intervals along each transect

(Schoeneberger et al. 2002). Ash and charred O horizon
materials were collected at effervescence test locations for
laboratory analysis, as were underlying soil samples at the
0-2-cm and 2—5-cm depths. At each transect intersection with
a patch of reddened soil, we measured the transect interval
that crossed over the patch, and the maximum depth of red-
dening. The contributing combustion feature was recorded
(e.g. branch, log, stump), and samples of reddened soil mate-
rial were collected for laboratory analysis. While no parts
of the landscape at Middle Peak and Stonewall Peak were
unburned, we attempted to find soils that were less severely
affected by the fire for comparison. These samples were col-
lected along the transects in places where the surface was
not apparently reddened or covered with white ash, at the
0-2-cm and 2-5-cm depths of the soil profile (henceforth
‘profile soils’). Known volumes for bulk density measure-
ments were collected from profile soils using a metal cylinder
of 7.3-cm diameter and 5.1-cm length to extract cores where
feasible. For thinner layers of ash and reddened soil, intact
material was carved into small blocks in place, the dimensions
were measured, and the known volume of material was col-
lected. We evaluated the water repellency of soils within the
burn by observing the water drop penetration time (WDPT)
of 10 droplets applied over a 6 x 6 cm area at the soil sur-
face, the 2-cm depth and the 4-cm depth. These WDPT test
locations were spaced at 8-m intervals along our first tran-
sect at MPK1, although subsequently at 4-m intervals along
all other transects for more intensive sampling. We qualita-
tively observed the field moisture condition at each WDPT
test location (moist, dry, intermediate), and recorded the time
of complete droplet absorption within four categories: 0-5,
5-30, 30180 and >180s. Bulk soil samples were collected
to determine gravimetric moisture content among the field
moisture conditions observed at WDPT test locations. After
the survey of ash and soils was completed, tree densities were
measured over a 0.125-ha area encircling the transect origin.
Basal area was totaled within this plot after measuring each
stem dbh (= 1.3 m height from surface on uphill side), and
the data are reported by ha~! equivalency in Table 1.
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Laboratory procedures

All samples were air-dried in a low-humidity environment
(<30% relative humidity (RH)) and sieved into <2 mm and
>2 mm fractions. Bulk density values were corrected for the
>2 mm fraction volume and weight (Soil Conservation Ser-
vice 1984). Color was measured on air-dried samples using
a chromameter (Model CR-200, Minolta Corporation, Ram-
sey, NJ, USA), and the average of three measurements was
expressed using both the Munsell and International Com-
mission on [llumination (CIE) notations (Torrent and Barron
1993). The pH of soil, and most ash samples, was mea-
sured on a 1:1 sample:water ratio. A few ash samples
needed a 2:1 ratio in order to produce a slurry suitable
for pH measurement. An ancillary study showed that the
different sample : water ratio changed the pH by no more
than 0.1 pH unit. This small variation was disregarded
for subsequent data analysis. Total carbon and nitrogen were
determined by dry combustion using a C/N analyser (Nelson
and Sommers 1996). Calcium carbonate equivalent (CCE)
was measured using a manometric method for 0.3 g sam-
ples over 1 h duration (Loeppert and Suarez 1996). Organic
carbon was calculated by subtracting the inorganic carbon
contributed by the calcium carbonate from the total car-
bon. Magnetic susceptibility, the ratio of the magnetization
of a sample to the magnetic field inducing the magnetiza-
tion (Mullins 1977), was measured with a Bartington MS2B
dual frequency magnetic susceptibility meter (Bartington
Instruments, Oxford, UK). Air-dried samples of the <2 mm
sieved fraction with known mass were contained in 10-mL
sample cubes, and the average of three magnetic suscepti-
bility measurements was recorded for each sample at low
(0.46 kHz) and high (4.6 kHz) sensor frequencies. Low-field
mass-specific magnetic susceptibility (x1f) was calculated as
the average low-frequency measurement divided by the sam-
ple density, and frequency-dependent low-field susceptibility
(xfd) was calculated as the percentage loss of mass-specific
susceptibility (Evans and Heller 2003). White ash samples
collected within the burn were analysed by X-ray diffraction
(XRD) of dry packed powder mounts using CuKa radiation
and a graphite crystal monochromator. The pattern of XRD
peaks was inventoried by step scanning at 1-s intervals per
0.02°26, from 2° to 65°26. The chemical and physical prop-
erties that we analysed for white ash, dark ash, reddened soil
and profile soils are reported in Table 2.

Results and discussion
Heterogeneity of post-fire soil wettability

Field moisture conditions and water-repellent soils were spa-
tially variable in both the dense forest and lower tree-density
woodland. At the time of burning, the top 4 cm of the soil
profile was likely dry as the most recent precipitation event
preceded the fire by 53 days and amounted to only 4 mm
of rainfall. By the time of our observation 51 days after the
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fire, 66 mm of precipitation had occurred, which is equiva-
lent to 7% of the mean annual amount. Gravimetric moisture
content ranged from 14 to 30% among bulk soil samples
collected at the surface, 2-cm and 4-cm depths at forest and
woodland sites. The WDPT significantly differed between
forest and woodland sites at the soil surface (2 test, o = 0.05,
d.f. =2, x> =12.6, P =0.002), as well as the 2-cm soil depth
(d.f.=2, x?>=216.0, P =0.000) and the 4-cm soil depth
(d.f. =2, x*>=200.7, P =0.000). Water-repellent soils were
more extensive in dense forest at Middle Peak than in wood-
land at Stonewall Peak where the average tree density was
five times less (Table 1; Fig. 2), despite similar soil texture
in the A horizon among sites.

Biological decomposition of humified organic matter pro-
duces compounds that cause water repellency in unburned
surface soil horizons (e.g. Bisdom ef al. 1993). These organic
compounds volatize in surface soils exposed to heating inten-
sities of ~250°C over a period of several minutes, and a
portion of this vapor adsorbs to cooler soil particle surfaces at
depth to form a horizon with diminished wettability (Savage
etal. 1972; Savage 1974; DeBano et al. 1976; DeBano 1981).
The depth and thickness of this water-repellent layer is depen-
dent on antecedent properties that affect heat penetration into
soil (e.g. soil texture, field moisture conditions), as well as the
surface combustion intensity and the duration of soil heating
(DeBano 2000; Doerr et al. 2000). Soil water repellency is
eliminated by prolonged heating that exceeds the ~280°C
combustion temperature of the volatized organic compounds
that cause water repellency (e.g. DeBano ef al. 1976; Doerr
et al. 2004). Combustion intensities were apparently suffi-
cient to eliminate water-repellent compounds over most of the
soil surface, as indicated by the trend of decreasing soil wetta-
bility with depth in the profile (Fig. 2). Water-repellent profile
soils were more extensive in dense forest at Middle Peak
than in the lower tree-density woodland at Stonewall Peak,
likely due to more abundant accumulation of soil organic
matter requisite for the volatilization and translocation of
water-repellent compounds.

Properties and spatial distribution of ash

Most of the land surface in the study area was covered with
deposits of dark and white colored ash. The white ash had sig-
nificantly higher Munsell hue, value and chroma, as well as
color lightness (CIE L*) compared to the dark ash (Table 2).
We did not measure the spatial distribution of white and dark
ash directly because there was often a fine-scale heterogeneity
of the two types. However, only the white ash would vigor-
ously react to droplets of 1 M HCI solution, producing an
effervescent foam represented by the ‘violent effervescence’
category in Fig. 3 that was observed among 1-25% of all test
locations in the study area. Variations among categories of
effervescence observed over the land surface are dependent
on site (% test, a =0.05, x> =118.6, d.f. = 12, P = 0.000).
The combined proportion of strong and violent effervescence
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(a)
100% Middle Peak WDPT evaluations

75% ®0-5s
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Fig.2. Percentages of water drop penetration time (WDPT) categories
observed in (a) dense forest and (b) lower tree-density woodland at the
soil surface, 2-cm soil depth and 4-cm soil depth. Error bars indicate
the range of 1 standard error for each proportion.

T -
80% T
B None
60% T @ Very slight
O Slight
40% + O Strong
0O Violent
20% T
00/0 T T T 1
MPK1 MPK2 SPK1 SPK2
n=120 n =60 n=117 n =60
Fig.3. Percentages of field effervescence categories observed over the

land surface along transects at each site. Three test locations at SPK1
were over exposed rock, and are omitted from the analysis.

was greatest in dense forest sites (~50-90% of test loca-
tions), compared with woodland sites (only ~30% of test
locations). Some effervescence was observed at all test loca-
tions along transects in the most dense forest we surveyed
(MPK2), while ~15-30% of the land surface at the woodland
sites lacked effervescence (Fig. 3). Concentrations of white
ash, 3—4 cm thick, were observed where large woody fuel
items (e.g. logs, branches) had combusted, as well as around
the base of some standing oak trees where exfoliated bark had
burned.

Residual organic C is a darkening pigment in ash. The
color lightness of ash can therefore indicate whether combus-
tion of organic matter is incomplete or more thorough. The
average CIE L* coordinate of white ash in a pooled analysis

B. R. Goforth et al.

was 60.00 £ 10.90 compared to an average of 32.97 4 3.68
for pooled dark ash. We found that variation in color light-
ness of ash was correlated with variation in pH (* = 0.887),
CCE (2 =0.822), total N (#> =0.744), and total organic C
(> =0.722). Both pH and CCE increased with lighter ash
color, while total N and organic C content increased with
darker ash color (Fig. 4). Dark ash is a product of incom-
plete combustion, as indicated by its higher organic C content
compared to the white ash (Table 2).

The elemental composition of ash may vary according to
plant material (e.g. stem, bark, leaf) and plant species. Ashes
produced from the combusted leaf litter of conifer and oak
species that occurred in the study area contain Ca, K and
Mg (St John and Rundel 1976). Calcium is most abundant in
white ash produced from pine wood and oak wood, as well
as from oak bark (Etiegni and Campbell 1991; Ulery et al.
1993). Complete combustion of these fuels at temperatures
near 500°C produces a light gray or white-colored ash com-
posed of alkaline earth oxides (Ca, K and Mg oxides), that
over time react with atmospheric CO, and water vapor to form
soluble hydroxides and carbonates (Etiegni and Campbell
1991; Ulery et al. 1993).

The average CCE of white ash in this study was 9-20
times greater than surrounding dark ash, indicating more
abundance of alkaline earth oxides initially available to form
carbonates after the fire. The XRD pattern for a white ash
sample with pH of 12.6 (Fig. 5) shows high-intensity peaks
for calicite (CaCOs3) and low-intensity peaks for calcium
oxide (CaO). In contrast, XRD did not detect calcium oxide
in a less alkaline white ash sample in which CaCO3 was
also abundant (Fig. 5), though the pH of 8.8 for this sample
was higher than that expected if CaCO3 content had attained
equilibrium with atmospheric CO; (pH ~8.3). The XRD pat-
tern for white ash samples also included low-intensity peaks
for quartz (Si0O;), feldspars (not labeled) and phyllosilicates
(not shown). We observed that the white ash was contami-
nated with surrounding soil materials, perhaps by rain drop
impacts and aeolian deposition during the 51 days after fire
(Ulery et al. 1993).

We estimated the minimum amount of calcium carbonate
(CaCO3) deposited over the land surface from this forest fire.
First, the area of ash coverage per hectare at each site was
estimated from the effervescent portion of the land surface
observed along our transects (Fig. 3). Then we calculated
the average volume of ash per hectare at each site using the
average ash thickness at Middle Peak (8 £4 mm standard
deviation) and Stonewall Peak (6 &£ 3 mm) as measured along
our transects. Data for dark ash bulk density at each site were
used to correct these ash volumes, since dark ash was much
more extensive than the deposits of white ash, though lower
in CCE (Table 2). The amount of CaCO3 contained in each
corrected ash volume was determined using the CCE for dark
ash at each site. A minimum of 1690kgha~! of CaCOj in
ash was added to the land surface in dense forests at Middle
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Fig. 5. XRD pattern for dry packed-powder mounts of white ash
with pH (a) 12.6 and (b) 8.8. Identified peaks are for calicite (C;
d=0.386, 0.3035, 0.284, 0.249, 0.228, 0.209, 0.191, 0.187, 0.162,
0.160 nm), calcium oxide (L; d =0.278, 0.2405, 0.170 nm), and quartz
(Q; d =0.3343 nm).

Peak, and at least 700 kg ha~! of CaCO; was added to the
lower tree-density woodland at Stonewall Peak.

Properties and spatial distribution of reddened soils

In addition to white ash, patches of reddened soil were visu-
ally prominent at both study sites. The pattern of reddening
consisted of linear stripe-like patches over the land surface
where logs had burned (Fig. 6), and irregular subsurface
masses of reddened soil surrounding cavities where stumps
and roots had combusted. Samples of this reddened soil mate-
rial have calculated redness ratings (Torrent ef al. 1983) that
are 3—11 times greater than surrounding profile soils within
the burn, which have yellow-brown hues. The color light-
ness and redness (CIE positive a*) of the severely burned
soil material did not significantly differ between sites regard-
less of parent material lithology (Table 2). Profile soils at
Middle Peak, derived from gabbro colluvium, are signifi-
cantly darker (lower CIE L*) than profile soils derived from
granodiorite colluvium at Stonewall Peak (Table 2). The
chemical properties we analysed for reddened soil materials
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Fig. 6. () Linear patches of exposed reddened soil material occurred
over the land surface where logs had thoroughly combusted. (b)) When
observed in cross-section profile, reddened mineral soil was underlain
by a charred, darkened zone, and unaltered soil material at lower depth.
Soil knife indicates 30 cm for scale.

(pH, CCE, total N, organic C, OC:N) did not differ sig-
nificantly between sites despite contrasting parent material
lithology and tree density (Table 2). Differences in CCE were
not significant between the reddened soil material and pro-
file soils because an extensive coverage of ash at both Middle
Peak and Stonewall Peak sites resulted in significant input of
CaCOj3 within the solum, perhaps due to illuviation caused by
66 mm of precipitation after fire. The lowest amounts of nitro-
gen and organic carbon detected in this study were among
the surface patches of reddened soil (Table 2), indicating
near-complete combustion of soil organic matter.

Surface patches of reddened soil material had a detectible
increase in magnetization compared to surrounding soils

B. R. Goforth ef al.

within the burned area. Reddened soil materials collected
from both Middle Peak and Stonewall Peak sites have low-
field mass-specific magnetic susceptibility (xIf) measure-
ments that are three to seven times greater than 0—2-cm-depth
profile soils having yellow-brown hues (Table 2). While the
xIf of reddened and profile soils was greatest at sites with
mafic lithology at Middle Peak, reddened soils derived from
the more felsic parent material at Stonewall Peak had a larger
increase in ¥ 1f compared to the 0—2-cm-depth profile soils.
Bulk density of the reddened soil materials was on aver-
age less than that of the profile soils, but greater than that
of white and dark ash at both sites. Yet, the change in xIf
between reddened soil materials and surrounding profile soils
exceeds that expected to result from a simple reduction in
bulk density caused by the combustion of soil organic matter.
Differences in frequency-dependent low-field susceptibility
(x fd) between reddened soil material and 0—2-cm-depth pro-
file soils at Middle Peak and Stonewall Peak suggest that
there was an increase in fine-grained ferrimagnet content in
the soil reddened by severe burning (Dearing 1994).

The red color of severely burned soil material is imparted
by maghemite (y-Fe;O3) and hematite (a-FeyO3). When soil
is heated at 300-500°C, its content of goethite (a-FeOOH)
transforms to hematite and more abundantly to maghemite
if in the presence of combusting soil organic matter that
results in an oxygen-deficient environment (Schwertmann
and Fechter 1984; Schwertmann 1988; Schwertmann and
Taylor 1989). The precursor mineral goethite, a yellow-
brown iron oxyhydroxide, is a common weathering product
of mafic minerals in well-drained soils (Schwertmann and
Taylor 1989; Bigham et al. 2002) as found at our study
sites. The yellow-brown color of our profile soil samples
is consistent with the hue, value and chroma of soil mate-
rial containing goethite, while reddened soil samples in this
study match with maghemite or hematite (Schwertmann and
Taylor 1989; Schwertmann 1993; Scheinost and Schwert-
mann 1999; Bigham et al. 2002). Hematite and maghemite
have differing magnetic properties that are useful for identifi-
cation (e.g. Mullins 1977). Hematite is the antiferromagnetic
structure of Fe; O3, exhibiting a relatively weak magnetic sus-
ceptibility compared to maghemite with ferrimagnetic form
(Mullins 1977; Schwertmann 1988). The increased x If of red-
dened soil materials compared to surrounding profile soils
(Table 2) indicates an abundant production of maghemite
in these places where large woody fuels burned over long
durations.

The greatest extent of reddened land surface was observed
among dense forest sites (Middle Peak), ranging from 1 to
15% of'the total land surface (Table 3). At woodland sites with
lower tree density (Stonewall Peak), only ~1-5% of the land
surface was reddened. The average thickness of reddened soil
along all transects was 8 mm, though reddened soil materials
were as much as 60 mm thick. Similar distributions of red-
dened soil material have been observed after fire elsewhere,
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Table 3. Percentage of transect length reddened within sites
Transect MPK1 MPK2 SPK1 SPK2
1 2.5 5.9 1.3 32
2 1.0 13.9 0.6 5.1
3 34 153 0.9 2.0
Average 2.3 11.7 0.9 34

in the places where logs burned on the land surface (e.g.
Boyer and Dell 1980; Ulery and Graham 1993) and under
burned piles of cut vegetation (e.g. Sertsu and Sanchez 1978;
Ketterings and Bigham 2000). Because ~1-12% of the land
surface was reddened in this study (Table 3), and the average
thickness of reddened soil patches was 8 mm, we estimate
0.1-1 mm of reddened soil was produced from this single
fire event, if evenly spread over the land surface.

Long-term implications

Ash can have a lasting influence on pH conditions over the
land surface and in the solum. Soils in the study area typically
do not contain carbonates and have moderately to slightly
acidic pH (5.7-6.5), but in the post-fire environment, we
detected 8—14 gkg~! CCE in profile soils and neutral to mod-
erately alkaline soil pH (6.6-8.2) at the dense forest site. Ina
study of burned areas in the mountains of California, Ulery
et al. (1993) found that the pH of white ash decreased from
12.0 at a burned site 22 days after fire to 9.3 at a 60-day-old
burn, as the calcium oxide (CaO) converted to less alkaline
calcium carbonate. However, calcium carbonate produced by
forest fires can persist for years, as Ulery et al. (1993) detected
CaCQOs in 3-year-old white ash with a pH of 7.8. We have
observed the violent effervescence of white ash with 1M HCI
solution over the past 5 years after the Manter Fire of year
2000 in the southern Sierra Nevada mountains of California.
Dissolution of CaCO3 in these residual deposits of white ash
may alter the ion exchange properties of soil minerals with
pH-dependent charge, and cause the dispersion of kaolinite,
promoting illuviation within the solum and erosion over the
land surface (Durgin and Vogelsang 1984; Ulery et al. 1993).
Eventually, surface deposits of CaCOs3 are heterogeneously
mixed into the A horizon by burrowing fauna, to persist as
fragmental masses within the soil that maintain alkaline pH
(7.4-8.0) until dissolved by percolating meteoric waters that
leach the solum.

It is widely observed that well-drained soils, particularly
in warm climate regions, become redder with time, a pro-
cess referred to as rubification (Birkeland 1999). Hematite
and maghemite are the main reddening pigments that remain
stable within well-drained soils, and accumulate as other
soil minerals weather (Singer et al. 1996; Bigham et al.
2002). Both hematite and maghemite are weathering prod-
ucts of mafic minerals inherited from parent materials
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(e.g. Schwertmann 1988; Fine et al. 1989; Schwertmann
and Taylor 1989). Production of hematite and maghemite by
recurrent fires is suggested to enhance the cumulative redden-
ing of well-drained soil profiles in forests and woodlands with
Mediterranean-type climates (e.g. Ulery and Graham 1993).
Reddened soil material produced over a severely burned land
surface can be mixed into the solum by processes of eluvia-
tion, tree throw and faunal burrowing, while combustion of
tree stumps and large roots can directly redden subsurface soil
materials (Stanjek 1987; Schwertmann 1993; Ulery and Gra-
ham 1993). Even if these pedoturbation processes efficiently
dilute reddened soil materials within the solum, apprecia-
ble reddening may occur because hematite, and presumably
maghemite, can impart red pigmentation in soils even if com-
posing only 1% of the overall mineral content (e.g. Torrent
et al. 1983).

The results of our study allow an assessment of potential
soil reddening by past forest fires. We calibrated the reddened
land surface area measured in our study with observations of
fuel volumes in the Sierra San Pedro Martir, a forest 250 km
south in northern Baja California, Mexico. This forest has
many of the same conifer species and similar environmen-
tal gradients, but had not been altered by fire suppression
and tree harvesting activities when studied (Minnich et al.
2000). Aerial photographic surveys of the Sierra San Pedro
Martir detected logs (>30cm diameter) at densities rang-
ing from 2 to 6ha~!, with an average coverage equivalent
to ~1% of the land surface (Minnich ef al. 2000), or 13.64
tons ha~! if all woody fuels >7.7-cm diameter are consid-
ered (Stephens 2004). This loading of large woody fuel items
is consistent with the lower limit of reddened land surface
measured in our study, as well as that suggested by Ulery
and Graham (1993) in nearby forests and woodlands. We
estimated the cumulative amount of soil reddening over a
forest landscape caused by recurrent fires using our mini-
mum observed reddened area (1% of surface), our average
reddened soil thickness (8 mm), and an interval of 50 years
between fires mapped from time-series aerial photography
of the Sierra San Pedro Martir (Minnich et al. 2000). Dur-
ing the Holocene (10000 years), recurrent forest fires may
have cumulatively produced at least 16 mm of reddened soil
over the landscape. If we calculate back into the Pleistocene,
say over the past 50 000 years, it is expected that 80 mm of
reddened soil was produced. These reddened soil materials
are mixed into the solum by pedoturbation processes over
time, while burned roots and stumps may additionally red-
den soil beneath the land surface. Though such long-term
estimates are subject to uncertainties regarding climatic and
vegetation changes, they suggest that forest fires are a con-
tributing influence to the rubification of well-drained soils
in this Mediterranean-type climate region. Studies that doc-
ument this trend in southern California (e.g. McFadden and
Hendricks 1985; McFadden and Weldon 1987; Harden and
Matti 1989; Kendrick and McFadden 1996) were conducted
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at elevations perhaps covered by forest or woodland in the
past 50 000 years during moister glacial climate, though these
areas are now shrublands that lack the large woody fuels
necessary to effectively burn and redden soils.

Conclusions

We contrasted the spatial extent and properties of ash and
thermally altered soil after a recent high-severity fire within
a dense mixed conifer forest and a contiguous pine—oak
woodland where tree densities were on average five times
less, and we evaluated how thermally altered soil varied
among two different parent material lithologies. After receiv-
ing 66 mm of precipitation since the fire, water-repellent soils
were more extensive in dense forest at Middle Peak than
within woodland at Stonewall Peak, where tree density is
lower. Combustion in the dense mixed conifer forest pro-
duced a more uniform abundance of alkaline earth oxides in
ash that was available for the secondary production of CaCO3,
than was observed in the woodland. At least 1690 kg ha~!
of CaCO3; were added to the dense forest, and at least
700kgha~! of CaCO3 were added to the less-dense wood-
land. The pH and CCE of ash increased with lighter color,
while total N and organic C content increased with darker
color. Reddened soil material occurred on the land surface
as linear stripe-like patches in places where fallen trees had
burned, as well as surrounding cavities within the solum
where stumps and roots had combusted. This reddened soil
had mass-specific magnetic susceptibilities that were three to
seven times greater than surrounding unreddened soils within
the burned area, indicating abundant content of thermally
produced maghemite. Magnetic susceptibilities of reddened
soils were greatest at sites with mafic lithology, though red-
dened soils derived from a more felsic parent material had
a larger increase in susceptibility compared to surrounding
unreddened soils within the burned area. While reddened soil
was observed in both forest and woodland, the greatest area of
reddened land surface was in the dense mixed conifer forest,
presumably due to more abundant downed woody fuels.

Recurrent forest fires over thousands of years may signifi-
cantly contribute to the cumulative reddening and magnetic
susceptibility of well-drained soils in Mediterranean-type
climate regions. As this study and others have shown (e.g.
Ketterings et al. 2000), surface patches of reddened soil
indicate the places where soil was severely burned and are
detectible by a characteristic increase in magnetization com-
pared to surrounding soil. Hence, the long-term patterning of
forest fire intensities over a landscape may be detectable as the
spatially heterogeneous accumulation of thermally produced
iron oxides in soils.
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